When a particle or filler is embedded into a polymer matrix, a third region is generated between the filler and matrix due to their chemical reaction between. This region is known as the interphase region. The properties of the interphase are affected by the material properties of the particles and the polymer matrix as well as the volume fraction of the composite. We implement the interphase mathematical model into the finite element method algorithm to investigate the effect of the interphase region on the deformation behaviour of the composite. The properties of the interphase at the matrix boundary are assumed to be smooth and continuous, while discontinuous at the particle boundary. The finite element algorithm employs Galerkin weak formulation with quadratic shape functions. The displacement, strain and stress of the composite are calculated along the radial axis originated from the
Introduction
Adding fillers to a polymer matrix was only meant to decrease the price of the product. However, soon it was discovered that the properties of the resultant composite altered significantly from the properties of the matrix polymer, such as flame retardancy [5] , improved overall composite properties, decreased specific heat, increased heat conductivity, increased stiffness properties and strength [1, 5] .
The overall properties of a particle-reinforced composite are difficult to determine due to the complex bonding between the filler and matrix. In some C18 research a nonrealistic perfect bonding between the filler and matrix was assumed [6, 9] . A third region, the interphase, is generated when fillers are added to a polymer matrix. The effects of the interphase on the overall properties of the composite include changing the elastic properties [1, 3] , thermal expansion coefficient [4] and stress and strain behaviors [8] . In the authors' previous work [1, 7] , an interphase mathematical model was established based on a one dimensional, three phase, composite model. The mathematical model describes the properties and behaviour of the inhomogeneous interphase region between a spherical micrometer sized particle and a polymer matrix. Using the interphase mathematical model, the shear modulus and Young's modulus were calculated and compared well with experimental results.
The one dimensional interphase mathematical model is implemented into the Finite Element Method (fem) algorithm based on the Galerkin Weak formulation with quadratic shape functions. The displacement, strain and stress distributions in the composite were obtained and presented.
The interphase model
The model of a representative portion of a three phase composite is shown in Figure 1 (a). When a spherical filler of radius r f is added to a polymer matrix, an annular interphase region with the inner radius r f and outer radius r i is created between the filler and the polymer matrix, of which the outer radius is r m (Figure 1(a) ). The material properties of the filler and polymer matrix, such as the Young's Modulus, Poison ratios and coefficients of thermal expansion, are isotropic and of different constant values. However, the properties of the interphase region are inhomogeneous [2, 4] and some functions of the spatial variable r (r f r r i ). The rate of change of an interphase property at the boundary of the filler side is non-smooth and discontinuous; while at the matrix side is smooth and continuous. Letting F int (r) represent a property of the interphase region, the smooth nature of F int (r) at the bound-C19 
where parameters η and γ are arbitrary integers, and for simplicity, η = 1 and γ = 1 were chosen [1] . The boundary conditions for equation (1) are
where F f is a property of the filler; F m is a property of the polymer matrix; and k is a positive constant. A property of the composite is discontinuous at the boundary of the filler and interphase except for k = 1 , for which it is continuous as F int (r) = F f . Using the ratio J = F int (r f )/F m to describe the state of discontinuity at the boundary of the filler and interphase [4] , for a given J, the value of k = J · F m /F f . The arbitrary constant A in equation (1) is determined once the state of discontinuity at the boundary of the filler and interphase is defined.
Solving equation (1) subject to the boundary conditions (2), the following solution is obtained
where
Equation (3) describes a property of the interphase region as a function of the spatial variable r.
Formulation of displacement field
The three phase composite model is analysed in the spherical polar coordinates (r, θ, φ) shown in Figure 1(b) . Suppose that, by some means, the composite is deformed so that its points undergo displacement. Let the displacement of an arbitrary point be u = (u r , u θ , u φ ) referred to axes r, θ and φ, respectively. When the temperature is constant and deformation is spherically symmetric, the displacement of the composite is independent of θ and φ. The strain ε is
where ε r , ε θ and ε φ are the normal strains and ε θφ , ε φr and ε rθ are the shear strains. Consequently, the stress is determined from Hooke's law:
for p = 1, 2, . . . , 2N + 1 . Considering the essential boundary conditions at both ends, we simplify equation (7) by integrating by parts to obtain
The approximate solution is assumed to be u r = 2N+1 q=1 U q ψ q (r) where U q (q = 1, 2, . . . , 2N + 1) are the nodal displacements. Substituting into equation (8) yields the following set of discretised equations
Note that the regions of the filler, interphase and matrix are discretised into n, m and l elements with the equal length h 1 = r f /n , h 2 = (r i − r f )/m and h 3 = (r m − r i )/l in each region, respectively.
The axial strain and axial stress are found using ε r = ∂u r /∂r and σ = Eε , once equation (9) is solved for the displacement. 5 Result and discussion
Material properties
The biocompatible composite, E-glass particle reinforced bisgma/tegdma epoxy, is used in the present study [1, 6] . The average diameter of the Eglass particles is 2.6 µm. The Young's moduli and Poison ratios of the E glass particles and the bisgma/tegdma polymers are listed in Table 1 . According to these properties, the average thickness of the interphase is 2.4% of the radius of the filler [1, 6] . For an iso-displacement loading, a small strain of ε = 0.1% is used [6] . C26 the outer surface of the matrix for the volume fractions 20% and 40%, respectively. Figure 3(a) shows that the displacement is independent of r in the filler region, though an increase of the J value results in a slight decrease of the displacement. In the interphase region, the displacement becomes a function of r and it increases more significantly for the cases of J < 1 . The displacement is continuous at both boundaries of the filler-interphase and interphase-matrix regardless of the J value. However, the displacement at the boundary of the filler and interphase is non-smooth, while smooth at the interphase-matrix boundary. Only for the case of J = F f /F m , the displacement is continuous and smooth at both boundaries of the filler-interphase and interphase-matrix. 
Results and discussions

Conclusion
The new mathematical model describing a property of the interphase between a spherical particle and polymer matrix provides a good solution for predicting the mechanical properties of a composite.
The Young's modulus and Poison ratio vary over the interphase region as the state of discontinuity varies, measured by the J values. Overall, the Young's modulus of the composite decreases as the J value increases, while Poison ratio increases.
The fem solution of the mathematical model provides a good prediction of the variation of displacement, strain and stress along the radial axis over the interphase region at different states of discontinuity.
The increase of the volume fraction of the filler results in decrease of the strain and stress, and increase of the displacement in the composite.
